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METHODS AND COMPOSITIONS FOR 
OVERCOMING RESISTANCE TO BIOLOGIC 

AND CHEMOTHERAPY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation of US. Ser. No. 09/130, 
839, ?led Aug. 7, 1998, now US. Pat. No. 6,495,553, issued 
Dec. 17, 2002, Which claims the bene?t of US. Provisional 
Application No. 60/055,525, ?led Aug. 8, 1997. The contents 
of these applications are hereby incorporated by reference 
into the present disclosure. 

TECHNICAL FIELD 

The present invention relates to the ?eld of drug discovery 
and speci?cally, the design of prodrugs Which are substrates 
for an intracellular enzyme critical to resistance to cancer 
therapeutics in pathological cells and converted to a cell toxin 
by the intracellular enzyme. 

BACKGROUND 

Throughout this disclosure, various publications are refer 
enced by ?rst author and date, patent number or publication 
number. The full bibliographic citation for each reference can 
be found at the end of this application, immediately preceding 
the claims. The disclosures of these references are hereby 
incorporated by reference into this disclosure to more fully 
describe the state of the art to Which this invention pertains. 

Cancer cells are characterized by uncontrolled growth, 
de-differentiation and genetic instability. The instability 
expresses itself as aberrant chromosome number, chromo 
some deletions, rearrangements, loss or duplication beyond 
the normal dipoid number. Wilson, J. D. et al. (1991). This 
genomic instability may be caused by several factors. One of 
the best characterized is the enhanced genomic plasticity 
Which occurs upon loss of tumor suppression gene function 
(e. g., Almasan, A. et al. (1995)). The genomic plasticity lends 
itself to adaptability of tumor cells to their changing environ 
ment, and may alloW for the more frequent mutation, ampli 
?cation of genes, and the formation of extrachromosomal 
elements (Smith, K. A. et al. (1995) and Wilson, J. D. et al. 
(1991)). These characteristics provide for mechanisms result 
ing in more aggressive malignancy because it alloWs the 
tumors to rapidly develop resistance to natural host defense 
mechanisms, biologic therapies (Wilson, J. D. et al. (1991) 
and Shepard, H. M. et al. (1988)), as Well as to chemothera 
peutics. Almasan, A. et al. (1995) and Wilson, J. D. et al. 
(1991). 

Cancer is one of the most commonly fatal human diseases 
WorldWide. Treatment With anticancer drugs is an option of 
steadily increasing importance, especially for systemic 
malignancies or for metastatic cancers Which have passed the 
state of surgical curability. Unfortunately, the subset of 
human cancer types that are amenable to curative treatment 

today is still rather small (Haskell, C. M. eds. (1995), p. 32). 
Progress in the development of drugs that can cure human 
cancer is sloW. The heterogeneity of malignant tumors With 
respect to their genetics, biology and biochemistry as Well as 
primary or treatment-induced resistance to therapy mitigate 
against curative treatment. Moreover, many anticancer drugs 
display only a loW degree of selectivity, causing often severe 
or even life threatening toxic side effects, thus preventing the 
application of doses high enough to kill all cancer cells. 
Searching for anti-neoplastic agents With improved selectiv 
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2 
ity to treatment-resistant pathological, malignant cells 
remains therefore a central task for drug development. In 
addition, Widespread resistance to antibiotics is becoming an 
important, World-Wide, health issue. Segovia, M. (1994) and 
Snydman, D. R. et al. (1996). 

Classes of Chemotherapeutic Agents 
The major classes of agents include the alkylating agents, 

antitumor antibiotics, plant alkaloids, antimetabolites, hor 
monal agonists and antagonists, and a variety of miscella 
neous agents. See Haskell, C. M., ed., (1995) and Dorr, R. T. 
and Von Hoff, D. D., eds. (1994). 
The classic alkylating agents are highly reactive com 

pounds that have the ability to substitute alkyl groups for the 
hydrogen atoms of certain organic compounds. Alkylation of 
nucleic acids, primarily DNA, is the critical cytotoxic action 
for most of these compounds. The damage they cause inter 
feres With DNA replication and RNA transcription. The clas 
sic alkylating agents include mechlorethamine, chloram 
bucil, melphalan, cyclophosphamide, ifosfamide, thiotepa 
and busulfan. A number of nonclassic alkylating agents also 
damage DNA and proteins, but through diverse and complex 
mechanisms, such as methylation or chloroethylation, that 
differ from the classic alkylators. The nonclassic alkylating 
agents include dacarbazine, carmustine, lomustine, cisplatin, 
carboplatin, procarbazine and altretamine. 
The clinically useful antitumor drugs are natural products 

of various strains of the soil fungus Streptomyces. They pro 
duce their tumoricidal effects by one or more mechanisms. 
All of the antibiotics are capable of binding DNA, usually by 
intercalation, With subsequent unWinding of the helix. This 
distortion impairs the ability of the DNA to serve as a tem 
plate for DNA synthesis, RNA synthesis, orboth. These drugs 
may also damage DNA by the formation of free radicals and 
the chelation of important metal ions. They may also act as 
inhibitors of topoisomerase II, an enzyme critical to cell 
division. Drugs of this class include doxorubicin (Adriamy 
cin), daunorubicin, idarubicin, mitoxantrone, bleomycin, 
dactinomycin, mitomycin C, plicamycin and streptozocin. 

Plants have provided some of the most useful antineoplas 
tic agents. Three groups of agents from this class are the Vinca 
alkaloids (vincristine and vinblastine), the epipodophyllotox 
ins (etoposide and teniposide) and paclitaxel (Taxol). The 
Vinca alkaloids bind to microtubular proteins found in divid 
ing cells and the nervous system. This binding alters the 
dynamics of tubulin addition and loss at the ends of mitotic 
spindles, resulting ultimately in mitotic arrest. Similar pro 
teins make up an important part of nervous tissue; therefore, 
these agents are neurotoxic. The epipodophyllotoxins inhibit 
topoisomerase II and therefore have profound effects on cell 
function. Paclitaxel has complex effects on microtubules. 

The antimetabolites are structural analogs of normal 
metabolites that are required for cell function and replication. 
They typically Work by interacting With cellular enzymes. 
Among the many antimetabolites that have been developed 
and clinically tested are methotrexate, 5-?uorouracil (5-FU), 
?oxuridine (FUDR), cytarabine, 6-mercaptopurine (6-MP), 
6-thioguanine, deoxycoformycin, ?udarabine, 2-chlorode 
oxyadenosine, and hydroxyurea. 

Endocrine manipulation is an effective therapy for several 
forms of neoplastic disease. A Wide variety of hormones and 
hormone antagonists have been developed forpotential use in 
oncology. Examples of available hormonal agents are dieth 
ylstilbestrol, tamoxifen, megestrol acetate, dexamethasone, 
prednisone, aminoglutethimide, leuprolide, goserelin, ?uta 
mide, and octreotide acetate. 
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Drawbacks of Current Chemotherapeutic Agents 
Among the problems currently associated With the use of 

chemotherapeutic agents to treat cancers are the high doses of 
agent required; toxicity toWard normal cells, i.e., lack of 
selectivity; immunosuppression; second malignancies; and 
drug resistance. 

The majority of the agents that are noW used in cancer 
chemotherapy act by an anti-proliferative mechanism. HoW 
ever, most human solid cancers do not have a high proportion 
of cells that are rapidly proliferating and they are therefore not 
particularly sensitive to this class of agent. Moreover, most 
antineoplastic agents have steep dose-response curves. 
Because of host toxicity, treatment has to be discontinued at 
dose levels that are Well beloW the dose that Would be required 
to kill all viable tumor cells. 

Another side effect associated With present day therapies is 
the toxic effect of the chemotherapeutic on the normal host 
tissues that are the most rapidly dividing, such as the bone 
marroW, gut mucosa and cells of the lymphoid system. The 
agents also exert a variety of other adverse effects, including 
neurotoxicity; negative effects on sexuality and gonadal func 
tion; and cardiac, pulmonary, pancreatic and hepatic toxici 
ties; vascular and hypersensitivity reactions, and dermato 
logical reactions. 

Hematologic toxicity is the most dangerous form of toxic 
ity for many of the antineoplastic drugs used in clinical prac 
tice. Its most common form is neutropenia, With an attendant 
high risk of infection, although thrombocytopenia and bleed 
ing may also occur and be life threatening. Chemotherapy 
may also induce qualitative defects in the function of both 
polymorphonuclear leukocytes and platelets. The hematopoi 
etic groWth factors have been developed to address these 
important side effects. Wilson, J. D. et al. (1991) and Dorr, R. 
T. and Von Hoff, D. D., eds. (1994). 

Most of the commonly used antineoplastic agents are 
capable of suppressing both cellular and humoral immunity. 
Infections commonly lead to the death of patients With 
advanced cancer, and impaired immunity may contribute to 
such deaths. Chronic, delayed immunosuppression may also 
result from cancer chemotherapy. 

The major forms of neurotoxicity are arachnoiditis; myel 
opathy or encephalomyelopathy; chronic encephalopathies 
and the somnolence syndrome; acute encephalopathies; 
peripheral neuropathies; and acute cerebellar syndromes or 
ataxia. 
Many of the commonly employed antineoplastic agents are 

mutagenic as Well as teratogenic. Some, including procarba 
zine and the alkylating agents, are clearly carcinogenic. This 
carcinogenic potential is primarily seen as delayed acute leu 
kemia in patients treated With poly?nctional alkylating agents 
and inhibitors of topoisomerase II, such as etoposide and the 
anthracycline antibiotics. Chemotherapy has also been asso 
ciated With cases of delayed non-Hodgkin’s lymphoma and 
solid tumors. The present invention Will minimize these 
effects since the prodrug Will only be activated Within tumor 
cells. 

The clinical usefulness of a chemotherapeutic agent may 
be severely limited by the emergence of malignant cells resis 
tant to that drug. A number of cellular mechanisms are prob 
ably involved in drug resistance, e.g., altered metabolism of 
the drugs, imper'meability of the cell to the active compound 
or accelerated drug elimination from the cell, altered speci 
?city of an inhibited enzyme, increased production of a target 
molecule, increased repair of cytotoxic lesions, or the bypass 
ing of an inhibited reaction by alternative biochemical path 
Ways. In some cases, resistance to one drug may confer resis 
tance to other, biochemically distinct drugs. Ampli?cation of 
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certain genes is involved in resistance to biologic and chemo 
therapy. Ampli?cation of the gene encoding dihydrofolate 
reductase is related to resistance to methotrexate, While 
ampli?cation of the gene encoding thymidylate synthase is 
related to resistance to treatment With 5-?uoropyrimidines. 
Table 1 summarizes some prominent enzymes in resistance to 
biologic and chemotherapy. 

TABLE 1 

Enzymes Overexpressed in Resistance to Chemotherapy 

Biologic or 
Enzyme Chemotherapy Referenced (Examples) 

Thymidylate synthase Uracil-based Lonn, U. et al. 
Folate-based Kobayashi, H. et al. 

Quinazoline-based Jackman, AL et al. 
Dihydrofolate reductase Folate-based Banerj ee, D. et al. 

Bertino, J. R. et al. 
Tyrosine kinases TNF-alpha Hudziak, R. M. et al. 

Multidrug Str'ihlinger, M. et al. 
resistance 

MDR-associated proteins Multidrug Simon, S. M. and 
(ABC P-gp proteins) resistance Schindler, M. 

Gottesman, M. M. et al. 
CAD* PALLA** Smith, K. A. et al. 

Dorr, R. T. and 
Von Hoff, D. D., eds. 
Wettergren, Y. et al. 
Yen, Y. et al. 

Ribonucleotide reductase Hydroxyurea 

*CAD = carbamyl-P synthase, aspartate transcarbamylase, dihydroorotase 
**PALA = N-(phosphonacetyl)-L—aspartate 

Use of Prodrugs as a Solution to Enhance Selectivity of a 
Chemotherapeutic Agent 
The poor selectivity of anticancer agents has been recog 

nized for a long time and attempts to improve selectivity and 
alloW greater doses to be administered have been numerous. 
One approach has been the development of prodrugs. Pro 
drugs are compounds that are toxicologically inert but Which 
may be converted in vivo to active toxic products. In some 
cases, the activation occurs through the action of a non 
endogenous enzyme delivered to the target cell by antibody 
(“ADEPT” or antibody-dependent enzyme prodrug therapy 
(U .S. Pat. No. 4,975,278)) or gene targeting (“GDEPT” or 
gene dependent enzyome-prodrug therapy (Melton, R. G. and 
SherWood, R. F. (1996)). These technologies have severe 
limitations With respect to their ability to exit the blood and 
penetrate tumors. Connors, T. A. and Knox, R. J. (1995). 

Accordingly, there is a need for more selective agents 
Which can penetrate the tumor and inhibit the proliferation 
and/or kill cancer cells that have developed resistance to 
therapy. The present invention satis?es this need and provides 
related advantages as Well. 

SUMMARY OF THE INVENTION 

This invention provides a method for identifying potential 
therapeutic agents by contacting a target or test cell With a 
candidate therapeutic agent or prodrug Which is a selective 
substrate for a target enzyme in the cell. In one embodiment, 
the target enzyme is an endogenous, intracellular enzyme 
Which is overexpressed and confers resistance to biologic and 
chemotherapeutic agents. In a separate embodiment, the 
activity of the enzyme has been greatly enhanced in a tumor 
cell as a result of loss of tumor suppressor function (Smith, K. 
A. et al. (1995) and Li, W. et al. (1995)) and/or selection 
resulting from previous exposure to chemotherapy, (Melton, 
R. G. and SherWood, R. F. (1996)). In a separate embodiment, 
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the target enzyme is an expression product of a foreign gene 
in the cell, Wherein the foreign gene encodes a target enzyme. 

After the cell is contacted in vitro and/or in vivo With the 
candidate prodrug, the cell is assayed for e?icacy of the agent 
by noting if the agent caused a reduction in cellular prolifera 
tion or if the agent kills the cell. In one aspect of this invention, 
the prodrug kills the cell or inhibits the cellular proliferation 
by the release of a toxic byproduct from the prodrug by the 
target enzyme. In a further aspect of this invention, one or 
more “target enzymes” can be used to activate the prodrug so 
that it releases the toxic byproduct. 

Another aspect of this invention includes kits for use in 
assaying for neW prodrugs having the characteristics 
described herein against target enzymes. The kits comprise 
the reagents and instructions necessary to complete the assay 
and analyze the results. 

This invention also provides methods and examples of 
molecules for selectively killing a pathological cell by con 
tacting the cell With a prodrug that is a selective substrate for 
a target enzyme, e. g., an endogenous, intracellular enzyme as 
de?ned above. The substrate is speci?cally converted to a 
cellular toxin by the intracellular target enzyme. In another 
aspect of this invention, the product of an initial prepatory 
reaction is subsequently activated by a common cellular 
enzyme such as an acylase, phosphatase or other “housekeep 
ing” enzyme. Voet, et al. (1995) to release the toxic byproduct 
from the prodrug. 

Further provided by this invention is a method for treating 
a pathology characterized by pathological, hyperproliferative 
cells in a subject by administering to the subject a prodrug that 
is a selective substrate for a target enzyme, and selectively 
converted by the enzyme to a cellular toxin in the hyperpro 
liferative cell. The prodrugs of this invention may be used 
alone or in combination With other chemotherapeutics or 
alternative anti-cancer therapies such as radiation. 
A further aspect of this invention is the preparation of a 

medicament for use in treating a pathology characterized by 
pathological, hyperproliferative cells in a subject by admin 
istering to the subject a prodrug that is a selective substrate for 
a target enzyme, and selectively converted by the enzyme to a 
cellular toxin in the hyperproliferative cell. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 shoWs the development of resistance to anti-cancer 
modalities in cells, and the consequences. 

FIG. 2 schematically shoWs activation pathWays of the 
prodrugs of this invention. 

FIG. 3 schematically shoWs the High Throughput Screen 
for prodrugs activated by intracellular enzymes important in 
drug resistance. 

FIG. 4 schematically shoWs hoW lead human thymidylate 
synthase (TS) prodrugs are assayed using TS-negative E. coli 
as the cell target. 

FIG. 5 shoWs an example of hoW to use this screen to 
simultaneously optimize the prodrug for reactivity to tWo 
target enzymes. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention is achieved by exploiting some of the key 
genomic and phenotypic changes intimately linked to resis 
tance to biologic and chemotherapy of cancer cells. The 
invention provides a means for in vivo selectively inhibiting 
the groWth and/or killing of cells Which have undergone 
selection by exposure to cancer therapy (including biologic 
therapy such as tumor necrosis factor (TNF) or chemo 
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6 
therapy). (Refer to Table 1). As a result, certain enzymes 
Which have been activated by mutation or gene ampli?cation 
are resistant to further therapy by the agent. Unlike prior art 
therapies directed to creating more potent inhibitors of 
endogenous, intracellular enzymes, this invention exploits 
the higher enzyme activity associated With therapy-resistant 
diseased cells and tissues versus normal cells and tissues and 
does not rely on inhibiting the enzyme. In one aspect, the 
tumor cells successfully treated by the prodrugs of this inven 
tion are characterized by enhanced target enzyme activity and 
therefore have a much higher potential to convert the prodrug 
to its toxic form than do normal cells Which do not overex 
press the target enzyme. The term “target enzyme” is used 
herein to de?ne enzymes having one or more of the above 
noted characteristics. 

As used herein, the terms “host cells, “target cells” and 
“hyperproliferative cells” encompass cells characterized by 
the activation by genetic mutation or the endogenous overex 
pression of an intracellular enzyme. In some embodiments, 
the overexpression of the enzymes is related to drug resis 
tance or the genetic instability associated With a pathological 
phenotype. A number of cellular mechanisms are involved in 
drug resistance, e.g., altered metabolism of the drug, imper 
meabilty of the cell With regard to the active compound or 
accelerated drug elimination from the cell, altered speci?city 
of an inhibited enzyme, increased production of a target mol 
ecule, increased repair of cytotoxic lesions, or the bypassing 
of an inhibited reaction by alternative biochemical pathWays. 
Enzymes activated or overexpressed and related to drug resis 
tance include, but are not limited to thymidylate synthase 
(TS) (Lonn, U. et al. (1996); Kobayashi, H. et al. (1995); 
Jackman, A. L. et al. (1995)), dihydrofolate reductase (Ba 
neijee, D. et al. (1995) and Bertino, J. R. et al. (1996)), 
tyrosine kinases (TNF-ot, Hudziak, R.M. et al. (1988)) and 
multidrug resistance (Stiihlinger, M. et al. (1994)); Akdas, A. 
et al. (1996); and (Tannock, I. F. (1996)); andATP-dependent 
multidrug resistance associated proteins (Simon, S. M. and 
Schindler, M. (1994)). Alternatively, resistance to one drug 
may confer resistance to other, biochemically distinct drugs. 
While this application is speci?cally directed to cancer, a 
similar approach can be applied to enzymes encoded by 
human and animal pathogens, and in Which the inhibitors 
have failed due to development of resistance. 

Ampli?cation of certain genes is involved in resistance to 
chemotherapy. Ampli?cation of dihydrofolate reductase 
(DHFR) is related to resistance to methotrexate While ampli 
?cation of the gene encoding thymidylate synthase is related 
to resistance to tumor treatment With 5-?uoropyrimidines. 
Ampli?cation of genes associated With drug resistance can be 
detected and monitored by a modi?ed polymerase chain reac 
tion (PCR) as described in Kashini-Sabet, et al. (1988) or US. 
Pat. No. 5,085,983. Acquired drug resistance can be moni 
tored by the detection of cytogenetic abnormalities, such as 
homogeneous chromosome staining regions and double 
minute chromosomes both of Which are associated With gene 
ampli?cation. Alternative assays include direct or indirect 
enzyme activity assays and both of Which are associated With 
gene ampli?cation (e.g., Carreras & Santi (1995)); other 
methodologies (e.g. polymerase chain reaction, Houze, T. A. 
et al. (1997) or immunohistochemistry (Johnson, P. G. et al. 
(1 997)). 

Alternatively, the target cell is characterized as having 
inactivated tumor suppressor function, eg loss or inactiva 
tion of retinoblastoma (RB) orp53, knoWn to enhance expres 
sion of TS (Li, W. et al. (1995)) or DHFR (Bertino, et al. 
(1996) and Li, W. et al. (1995)). 
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The prodrugs of this invention are useful to treat or ame 
liorate any disease Wherein the disease-associated enzyme is 
associated With drug resistance to a chemotherapeutic and in 
some embodiments, Where the enzyme is overexpressed, 
over-accumulated or activated in pathological cells versus 
normal cells, for example, the TS enzyme. Particularly 
excluded is the enzyme glutathione-S-transferase Which has 
been shoWn to be elevated in some human tumors. Morgan, A. 
S. et al. (1998). The prodrugs of the subject invention are 
distinguishable on the basis that the target enzymes of this 
invention are commonly overexpressed, overaccumulated or 
activated in pathological cells versus normal cells. The most 
important principle Which distinguishes the current invention 
from other approaches are: 

(1) This invention describes the synthesis of substrates for 
enzymes like thymidylate synthase. The overexpressed 
enzyme Will generate toxin, preferentially in diseased cells. 
Previous approaches have relied on inhibitor. The inhibitors 
lead to ampli?ed expression of the enzyme, and subsequent 
resistance to treatment (see, e.g., Lonn, U. et al. (1996). 

(2) The current approach is also distinguishable from other 
“substrate-prodrug” approaches, e.g., the glutathione-S 
transferase enzymes (see, e.g., Morgan, A. S. et al. (1998). 
The enzymes of the GST family are expressed at increased 
levels in response to toxic insult to the cell. The GST family 
of enzymes have overlapping substrate speci?cities, Which 
makes it impossible to design a substrate reactive With only a 
single species of enzyme With elevated expression in a cancer 
cell (Morgan, A. S. et al. (1998)). Because each of the 
enzymes of the current invention (e.g., thymidylate synthase, 
dihydrofolate reductase and thymidine kinase) is unique With 
respect to its structure and substrate speci?city, it is facile to 
design unique substrates. Several examples of substrates for 
thymidylate synthase are provided in the speci?cations of this 
application. 

(3) In some cases the gene encoding the target enzyme 
(e.g., thymidylate synthase) may have undergone mutation to 
give resistance to inhibitors, but Will still be capable of car 
rying out reaction With non-inhibitor substrates. Barbour, K. 
W. et al. (1992) and Dicken, A. P. et al. (1993). 

Drug Assay 
This invention provides a method for identifying agents 

Which have therapeutic potential for the treatment of hyper 
proliferative or neoplastic disorders, e.g., cancer. The method 
also identi?es agents that inhibit the groWth of cells or cell 
cycling of hyperproliferative cells, such as cancer cells. Other 
cells that are included are bacterial, yeast and parasitic cells 
Which cause disease as a result of inappropriate proliferation 
in the patient. The agent is considered a potential therapeutic 
agent if cell proliferation, replication or cell cycling is 
reduced relative to the cells in a control sample. Most prefer 
ably, the cells are killed by the agent. The cells can be pro 
caryotic (bacterial such as E. coli) or eucaryotic. The cells can 
be mammalian or non-mammalian cells, e. g., mouse cells, rat 
cells, human cells, fungi (e.g., yeast) or parasites (e.g., Pneu 
mocystis or Leishmania) Which cause disease. 
As used herein, a “hyperproliferative cell” is intended to 

include cells that are de-differentiated, immortalized, neo 
plastic, malignant, metastatic or transformed. Examples of 
such cells include, but are not limited to a sarcoma cell, a 
leukemia cell, a carcinoma cell, or an adenocarcinoma cell. 
More speci?cally, the cell can be a breast cancer cell, a 
hepatoma cell, a colorectal cancer cell, pancreatic carcinoma 
cell, an oesophageal carcinoma cell, a bladder cancer cell, an 
ovarian cancer cell, a skin cancer cell, a liver carcinoma cell, 
or a gastric cancer cell. In an alternative embodiment, the 
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8 
target cell can be resistant to a drug or compound used to 
prevent or kill a cell infected With an infectious agent Which 
is resistant to conventional antibiotics. Infectious agents 
include bacteria, yeast and parasites, such as trypanosomes. 

Speci?c examples of target enzymes that are the subject 
matter of this invention are listed in Table 1 (above) or Table 
2 (beloW). These enzymes are involved in resistance to che 
motherapy, are endogeneously activated, overexpressed or 
over-accumulated in a cell characterized by resistance to can 
cer therapy and associated With a pathological or disease 
include, but are not limited to enzymes such as a member of 
the tyrosine kinase superfamily or an ATP-dependent MDR 
associated protein, CAD, thymidylate synthase, dihydro 
folate reductase, and ribonucleotide reductase. Table 2 pro 
vides a list of enzymes Which may be targeted by this 
approach in infectious disease. 

TABLE 2 

Enzymes Overexpressed in infectious disease, 
and Which contribute to drug resistance 

Provides increased 
Enzyme Resistance to: 

Penicillin and other beta-lactaln 
containing antibiotics 

Beta-lactarnases 

Arninoglycosidase, or alninoglycoside Arninoglycoside antibiotics 
midifying enzymes (e. g., streptomycin, gentalnycin) 
Chloralnphenicol transacetylase Chloralnphenicol 
Trimethoprim Dihydro folate reductase 

Reference: Mechanisms of Microbial Disease, 2nd Ed., M. Schaechter, G. 
Medloif, B. I. Eisenstein, Editor TS Satter?eld. Publ. Williams and Wilkins, 
pp. 973 (1993). 

The potentially therapeutic agent identi?ed by the method 
of this invention is a prodrug that is a substrate for the enzyme 
and is converted intracellularly to an intracellular toxin. As 
used herein, a “prodrug” is a precursor or derivative form of a 
pharmaceutically active agent or substance that is less cyto 
toxic to target or hyperproliferative cells as compared to the 
drug metabolite and is capable of being enzymatically acti 
vated or converted into the more active form (see Connors, T. 
A. (1986) and Connors, T. A. (1996)). The toxicity of the 
agent is directed to cells that are producing the converting 
enzyme in an amount effective to produce a therapeutic con 
centration of the cellular toxin in the diseased cell. 

This invention also provides a quick and simple screening 
assay that Will enable initial identi?cation of compounds With 
at least some of the desired characteristics. For purposes of 
this current invention, the general scheme of one embodiment 
is shoWn in FIG. 3. This draWing describes hoW the assay is 
arranged and the materials necessary for its process. As 
shoWn in FIG. 3, the assay requires tWo cell types, the ?rst 
being a control cell in Which the target enzyme is not 
expressed, or is expressed at a loW level, The second cell type 
is the test cell, in Which the target enzyme is expressed at a 
detectable level, e. g., a high level For example, a procaryotic 
E. coli Which does not endogenously express the target 
enzyme TS is a suitable host cell or target cell. The cell can 
have a control counterpart (lacking the target enzyme), or in a 
separate embodiment, a counterpart genetically modi?ed to 
differentially express the target enzyme, or enzymes (con 
taining the appropriate species of target enzyme). More tan 
one species of enzyme can be used to separately tranduce 
separate host cells, so that the effect of the candidate drug on 
a target enzyme can be simultaneously compared to its effect 
on another enzyme or a corresponding enzyme from another 
species. 
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In another embodiment, transformed cell lines, such as 
ras-transformed NIH 3T3 cells (ATCC, 10801 University 
Blvd., Manassas, Va. 20110-2209, USA.) are engineered to 
express variable and increasing quantities of the target 
enzyme of interest from cloned cDNA coding for the enzyme. 
Transfection is either transient or permanent using proce 
dures Well knoWn in the art and described in Chen, L. et al. 
(1996), Hudziak, R. M. et al. (1988), orCarter, P. et al. (1992). 
Suitable vectors for insertion of the cDNA are commercially 
available from Stratagene, La Jolla, Calif. and other vendors. 
The level of expression of enzyme in each transfected cell line 
can be monitored by immunoblot and enzyme assay in cell 
lysates, using monoclonal or polyclonal antibody previously 
raised against the enzyme for immunodetection. See, e.g., as 
described by Chen, L. et al. (1996). The amount of expression 
can be regulated by the number of copies of the expression 
cassette introduced into the cell or by varying promoter 
usage. Enzymatic assays also can be performed as revieWed 
by Carreras, C. W. and Santi, D. V. (1995). 
As noted above, cells containing the desired genetic de? 

ciencies may be obtained from Cold Spring Harbor, the Agri 
cultural Research Service Culture Collection, or the Ameri 
can Type Culture Collection. The appropriate strains can also 
be prepared by inserting into the cell a gene coding for the 
target enzyme using standard techniques as described in 
Miller (1992), Sambrook, et al. (1989), and Spector, et al. 
(1997). GroWth assays can be performed by standard methods 
as described by Miller (1992) and Spector, et al. (1997). 

It should be understood by those skilled in the art that the 
screen shoWn in FIG. 3 can be applied broadly for the discov 
ery of antibiotics. For example, thymidylate synthase from 
yeast could be substituted for that of E. coli in FIG. 4. This 
Would alloW the discovery of speci?c antifungal antibiotics 
targeting yeast related pathogens. In addition, other enzymes 
can be subjected to this treatment. For example, prodrugs 
Which target speci?cally the dihydrofolate reductase activity 
of infectious agents, like Pneumocyslis carnii, could be 
selected. These agents Will be selected for speci?city for the 
target enzyme, and can be shoWn not to activate the enzyme of 
the natural host by employing the screening assay described 
in FIG. 3. The control cellular constructs Would contain the 
corresponding normal human enzyme, in order to shoW lack 
of toxicity When only the normal human enzyme is present. 

For example and as shoWn in FIG. 4, a foreign gene, e. g., a 
human gene encoding TS, can be inserted into the host cell 
such that human TS is expressed. This genetically engineered 
cell is shoWn as the “lest cell” in FIG. 3. The “control cell” 
does not express the target enzyme. In some embodiments it 
may be necessary to supplement the culture media With the 
protein product of the target enzyme. 

In a separate embodiment, the Wild type host cell is de? 
cient or does not express more than one enzyme of interest. As 
shoWn in FIG. 4, the host cell does not endogenously produce 
thymidine kinase (TK‘) or thymidylate synthase (TS‘). 
Genes coding for the human counterpart of these enzymes are 
introduced into the host cell to obtain the desired level of 
expression. The level of expression of enzyme in each trans 
fected cell line can be monitored by methods described 
herein, e.g., by immunoblot and enzyme assay in cell lysates, 
using monoclonal or polyclonal antibody previously raised 
against the enzyme for immunodetection. See, e.g., as 
described by Chen, L. et al. (1996). Enzymatic assays also can 
be performed as revieWed by Carreras, C. W. and Santi, D. N. 
(1995) using detectably labeled substituents, e.g. tritium 
labeled substituents. 

The test cell is groWn in small multi-Well plates and is used 
to detect the biologic activity of test prodrugs. For the pur 
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10 
poses of this invention, the successful candidate drug Will 
block the groWth or kill the test cell type, but leave the control 
cell type unharmed. 

The candidate prodrug can be directly added to the cell 
culture media or previously conjugated to a ligand speci?c to 
a cell surface receptor and then added to the media. Methods 
of conjugation for cell speci?c delivery are Well knoWn in the 
art, see e.g., US. Pat. Nos. 5,459,127; 5,264,618; and pub 
lished patent speci?cation WO 91/17424 (published Nov. 14, 
1991). The leaving group of the candidate prodrug can be 
detectably labeled, e.g., With tritium. The target cell or the 
culture media is then assayed for the amount of label released 
from the candidate prodrug. Alternatively, cellular uptake 
may be enhanced by packaging the prodrug into liposomes 
using the method described in Lasic, D. D. (1996) or com 
bined With cytofectins as described in LeWis, J. G. et al. 

(1 996). 
In a separate embodiment, cultured human tumor cells 

overexpressing the enzyme of interest i.e., target enzyme, are 
identi?ed as described above. The cells are contacted With the 
potential therapeutic agent under conditions Which favor the 
incorporation of the agent into the intracellular compartment 
of the cell. The cells are then assayed for inhibition of cellular 
proliferation or cell killing. 

Provided beloW is a brief summary of cells and target 
enzymes that are useful to activate the prodrugs of this this 
invention. 

Thymidylate Synthase 
The overexpression of thymidylate synthase is associated 

With colon cancer, breast cancer, gastric cancer, head and 
neck cancer, liver cancer and pancreatic cancer. These dis 
eases are currently treated by antimetabolite drugs (uracil 
based, folate-based, or quinaszoline-based, (see Table 1)). In 
each of these cases it is likely that the 5-?urouracil therapy 
can lead to ampli?ed activity of TS, or select for drug resistant 
forms of the enzyme, and thereby lead to drug-resistance of 
the disease relapse. Lonn, U. et al. (1996) reported that ampli 
?cation of the TS gene occurred in breast cancer patients Who 
previously received adjuvant chemotherapy (cyclophospha 
mide, methotrexate, 5-?uorouracil [CMF]) after surgery. The 
principal reaction normally performed by TS is the synthesis 
of deoxythymidine monophosphate (dTMP) and dihydro 
folate (DHF) from deoxyuridine monophosphate (dUMP) 
and N(5),N(10)-methylene-tetrahydrofolate (THF). In one 
embodiment, a derivative of uracil or THF is provided to cells 
expressing TS. For purposes of this invention, “uracil” (base 
only) and “uridine” (base and sugar) are used interchangeably 
and synonomously. 
The derivative or “prodrug” is converted by the enzyme 

into highly cytotoxic metabolites. The loW level of TS 
expressed in normal cells Will not produce a toxic amount of 
the converted toxin. High levels of TS expressed in disease 
tissues generate more toxin and thereby lead to an inhibition 
of cell proliferation and/or cell -death. For example, current 
therapy utilizes 5-?uorodeoxyuridylate to inhibit TS activity. 
During the reaction With substrate, the ?uorine atom irrevers 
ibly binds to the TS enzyme and inhibits it. In contrast to one 
embodiment of the present invention, the prodrugs alloW TS 
to complete the reaction but generates a modi?ed product 
that, When incorporated into DNA, causes a toxic effect. The 
enzyme product may also block other critical cellular func 
tions (e.g. protein synthesis or energy metabolism). Conver 
sion of the prodrug also can release a metabolite, such as Bri 
or If or CNi Which is toxic to the cell. Derivatives of 
uracil/dUMP and N(5)(10)-THF can be synthesized, all of 
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Which have the potential of generating toxic product after 
metabolically catalyzed by TS. 

Synthesis of 5-substituted pyrimidine nucleosides and 
5-substituted pyrimidine nucleoside monophosphates can be 
accomplished by methods that are Well-knoWn in the art. For 
example, treatment of 5-chloromercuri -2'-deoxyuridine With 
haloalkyl compounds, haloacetates or haloalkenes in the 
presence of Li2PdCl4 results in the formation, through an 
organopalladium intermediate, of the 5-alkyl, 5-acetyl or 
5-alkene derivative, respectively. Wataya, et al. (1979) and 
Bergstrom, et al. (1981). Another example of C5-modi?ca 
tion of pyrimidine nucleosides and nucleotides is the forma 
tion of C5-trans-styryl derivatives by treatment of unpro 
tected nucleotide With mercuric acetate folloWed by addition 
of styrene or ring-substituted styrenes in the presence of 
Li2PdCl4. Bigge, et al. (1980). Pyrimidine deoxyribonucleo 
side triphosphates Were derivatized With mercury at the 5 
position of the pyrimidine ring by treatment With mercuric 
acetate in acetate buffer at 50° for 3 hours. Dale, et al. (1973). 
Such treatment Would also be expected to be effective for 
modi?cation of monophosphates; alternatively, a modi?ed 
triphosphate could be converted enzymatically to a modi?ed 
monophosphate, for example, by controlled treatment With 
alkaline phosphatase folloWed by puri?cation of monophos 
phate. Other moieties, organic or nonorganic, With molecular 
properties similar to mercury but With preferred pharmaco 
logical properties could be substituted. For general methods 
for synthesis of substituted pyrimidines, for example, US. 
Pat. Nos. 4,247,544; 4,267,171; and 4,948,882; and Berg 
strom et al. (1981). The above methods Would also be appli 
cable to the synthesis of derivatives of 5-substituted pyrimi 
dine nucleosides and nucleotides containing sugars other than 
ribose or 2'-deoxyribose, for example 2'-3'-dideoxyribose, 
arabinose, furanose, lyxose, pentose, hexose, heptose, and 
pyranose. An example of such a substituents are halovinyl 
groups, eg E-5-(2-bromovinyl)-2'-deoxyuridylate. Barr, P. J. 
et al. (1983). In this reference the authors demonstrated that 
the normally inert substituent at the 5-position (bromovinyl) 
is convertible to a chemically reactive group as a result of 
enzyme-mediated nucleophilic attack at the 6-position of the 
uridine heterocycle, leading to the production of a reactive 
alkylating agent. This compound is not useful from the point 
of vieW of the current application because it cannot be acti 
vated by endogenous thymidine kinase, and because its con 
version by thymidylate synthase leads to inactivation of the 
thymidylate synthase (Balzarini, et al., 1987). HoWever, 
improved substituents Will be synthesized and compared for 
reactivity With TS and speci?c cytotoxicity to TS-overpro 
ducing tumor cells. 

Alternatively, 5-bromodeoxyuridine, 5-iododeoxyuridine, 
and their monophosphate derivatives are available commer 
cially from Glen Research, Sterling, Va. (USA), Sigma-Ald 
rich Corporation, St. Louis, Mo. (USA), Moravek Biochemi 
cals, Inc., Brea, Calif. (USA), ICN, Costa Mesa, Calif. (USA) 
and NeW England Nuclear, Boston, Mass. (USA). Commer 
cially-available 5-bromodeoxyuridine and 5-iododeoxyuri 
dine can be converted to their monophosphates either chemi 
cally or enzymatically, though the action of a kinase enzyme 
using commercial available reagents from Glen Research, 
Sterling, Va. (USA) and ICN, Costa Mesa, Calif. (USA). 
These halogen derivatives could be combined With other sub 
stituents to create novel and more potent antimetabolites. 

Primary sequences shoW that TS is one of the most highly 
conserved enzymes. Perry, K. et al. (1990). Crystal structures 
of TS from several procaryotic species, Laclobacillus casei 
(Hardy, L. W. et al. (1987); Finer-Moore, J. et al. (1993)) and 
Escherichia coli (Perry, K. et al. (1990)); an eukaryote Leish 
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mania major (Knighton, E. R. et al. (1994)); and T4 phage 
(Finer-Moore, J. S. et al., (1994)) have been determined and 
indicate that tertiary structure also is very Well conserved. The 
sequence alignment of the species of TS Whose three dimen 
sional structures have been determined and is shoWn in 
Schiffer, C. A. et al. (1995). From these amino acid 
sequences, the DNA sequences can be deduced or isolated 
using methods Well knoWn to those of skill in the art. Sam 
brook, et al. (1989). Alternatively, some 29 TS sequences 
from different organisms have been cloned and deposited into 
the DNA databases as described in Carreras, C. W. and Santi, 
D. V. (1995). The sequence of human thymidylate synthase 
gene, its cloning, expression and puri?cation is provided in 
Takeishi, K. et al. (1985), Davisson, V. J. et al. (1989) and 
Davisson, V. J. et al. (1994). Genes encoding the TS protein 
and containing the necessary regulatory sequences, are con 
structed using methods Well knoWn to those of skill in the art. 
The gene encoding TS is introduced to target cells by elec 
troporation, transformation or transfection procedures. Sam 
brook et al. (1989). Alternatively, the gene is inserted into an 
appropriate expression vector by methods Well knoWn in the 
art, e.g., as described in Carreras, C. W. and Santi, D. V. 
(1995), Miller (1992) and Spector et al. (1997). The expres 
sion vector inserts the TS gene into the cells. The cells are then 
groWn under conditions Which favor the expression and pro 
duction of TS protein. 
Human gastric cancer cell lines, MKN-74, MKN-45, 

MKN-28 and KATO-III can be used in the assay described 
above to identify potential therapeutic agents Which are selec 
tive substrates for TS. MKN-74 and MKN-45 are established 
from Well and poorly differentiated adenocarcinomas, 
respectively. These cell lines and culture conditions are 
described in Osaki, M. et al. (1997) and references cited 
therein. Alternatively, tumor cell lines such as those described 
by Copur, S. et al. (1995), Which have been selected by 5-FU 
to overexpress thymidylate synthase may be used. 

Quantitation of TS can be performed using enzymatic bio 
chemical assays that are Well knoWn to those With skill in the 
art. To quantify the level of TS protein and TS gene expression 
from human tumor tissue samples, the methods as reported by 
Johnston, P. G. et al. (1991) and Horikoshi, T. et al. (1992) 
provide sensitive assays. Alternatively, the PCR method of 
Lonn, U. et al. (1996) is used to assay TS gene ampli?cation 
and identify cells that are useful in the method of identifying 
therapeutic agents as described herein. 
As is apparent to one skilled in the art, control cell culture 

systems Without drug and separately With a reference drug 
such as the one exempli?ed beloW, also are assayed. A pre 
ferred embodiment of the prodrugs is one Which preferen 
tially kills target cells With about 2-fold and preferably about 
3-fold or greater activity than normal cells. This invention 
also provides the agents identi?ed by the methods described 
herein. 

In another aspect, this invention provides a method for 
inhibiting the proliferation of a hyperproliferative cell, by 
?rst conducting the above assay. A prodrug identi?ed by this 
assay is contacted With the cell and converted to a toxic 
metabolite in the cell by an endogenous intracellular enzyme 
as described above. 

In one embodiment, the endogenous, intracellular enzyme 
is thymidylate synthase and the cell is selected from the group 
consisting of colorectal cell, head and neck cancer cell, breast 
cancer cell, or a gastric cancer cell. 

In a further aspect, the prodrug contacted With the cell 
overexpressing thyniidylate synthase is an L- or D-compound 
of the formulae: 
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0 OH 0 

R1 4 R1 R1 4 
5 3NH 5 A3N 5 3N 

Or Or '6 jg '6 k '6 i l l l 

I|\I 0 III 0 I|\I OH 
Q Q Q 

Which may be in any of their enantiomeric, diasteriomeric, or 
stereoisomeric forms, including, for example, D- or L-forms, 
and for example, ot- or [3-anomeric forms. 

In the above formulae, R1 (at the 5-position) is or contains 
a leaving group Which is a chemical entity that has a molecu 
lar dimension and electrophilicity compatible With extraction 
from the pyrimidine ring by thymidylate synthase, and Which 
upon release from the pyrimidine ring by thymidylate syn 
thase, has the ability to inhibit the proliferation of the cell or 
kill the cell. 

In one embodiment, R1 is or contains a chemical entity 
selected from the group consisting of: iBr, fl, 4O-alkyl, 
iO-aryl, O-heteroaryl, iS-alkyl, iS-aryl, iS-heteroaryl, 
iCN, ADCN, iSCN, iNHZ, iNH-alkyl, iN(alkyl)2, 
iNHCHO, iNHOH, iNHO-alkyl, NHzCONHOi, 
NHNH2, and iN3. Another example of R1 is derived from 
cis-platin: 

In the above formulae for the L- or D-compound(s), Q is a 
chemical entity selected from the group consisting of sugar 
groups, thio-sugar groups, carbocyclic groups, and deriva 
tives thereof. Examples of sugar groups include, but are not 
limited to, monosaccharide cyclic sugar groups such as those 
derived from oxetanes (4-membered ring sugars), furanoses 
(5-membered ring sugars), and pyranoses (6-membered ring 
sugars). Examples of furanoses include threo-furanosyl 
(from threose, a four-carbon sugar); erythro-furanosyl (from 
erythrose, a four-carbon sugar); ribo-furanosyl (from ribose, 
a ?ve-carbon sugar); ara-furanosyl (also often referred to as 
arabino-furanosyl; from arabinose, a ?ve-carbon sugar); 
xylo-furanosyl (from xylose, a ?ve-carbon sugar); and lyxo 
furanosyl (from lyxose, a ?ve-carbon sugar). Examples of 
sugar group derivatives include “deoxy”, “keto”, and “dehy 
dro” derivatives as Well as substituted derivatives. Examples 

of thio sugar groups include the sulfur analogs of the above 
sugar groups, in Which the ring oxygen has been replaced 
With a sulfur atom. Examples of carbocyclic groups include 
C4 carbocyclic groups, C5 carbocyclic groups, and C6 car 
bocyclic groups Which may further have one or more subsitu 

ents, such as ‘OH groups. 
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In one embodiment, Q is a furanosyl group of the formula: 

Wherein R2 and R3 are the same or different and are indepen 
dently H or ‘OH. In one embodiment, R2 and R3 are H. In 
one embodiment, R2 is OH and R3 is H. In one embodiment, 
R2 is H and R3 is OH. In one embodiment, Wherein R2 and R3 
are OH. 

In one embodiment, Q is a [3-D-ribofuranosyl group of the 
formula: 

R 

wherein R2 and R3 are the same or different and are indepen 
dently H or 40H. 

In some embodiments, the hydroxymethyl group (for 
example, the 4'-hydroxymethyl group of [3-D-ribofuiranosyl) 
can be phosphorylated. 

Modi?cations of current alkylating agents attached at the 
pyrimidine 5-position, and Which ?t the steric restrictions as 
described above can be employed (Haskell, C. M. eds. (1995), 
pp. 55-58). Cell-free, or cell based, screening assays for 
release of constituent at the 5-position of uracil are described 
by Roberts, D. (1966) and Hashimoto, Y. et al. (1987). 

In the case Where Rl comprises CN‘, the highly toxic CN 
moiety is the therapeutically active species. Because of the 
highly nonspeci?c toxic nature of CN', it cannot normally be 
used in a therapeutic mode. This problem is overcome by 
delivering the toxin in the form of a prodrug that Will be 
signi?cantly activated only in cells Which overexpress 
thymidylate synthase. 

In addition, a prodrug can be converted to a toxic metabo 
lite by the intracellular enZyme Which, in some embodiments, 
can be further modi?ed by an intracellular “housekeeping” 
enZyme. An example is shoWn below. 

0 

1. 
Br 

NH TS 
I k _> dUMP + BI+ or 1+ 

I|\I o 
dRib—P 

Description of the “partial” reaction of dUMP and TS, as 
Well as relevant assays are described in Garrett, C. et al. 
(1979). Assays for other products, ie Where a reaction com 
plete product is an anti-metabolite of the bromovinyl-deriva 
tives of dUMP, are described by Barr, P. 1., et al. (1983). Salts 
of the prodrugs of the present invention may be derived from 
inorganic or organic acids and bases. Examples of acids 
include hydrochloric, hydrobromic, sulfuric, nitric, perchlo 
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ric, fumaric, maleic, phosphoric, glycollic, lactic, salicyclic, 
succinic, toluene-p-sulfonic, tartaric, acetic, citric, methane 
sulfonic, ethanesulfonic, formic, benzoic, malonic, naphtha 
lene-2-sulfonic and benzenesulfonic acids. Other acids, such 
as oxalic, While not in themselves pharmaceutically accept 
able, can be employed in the preparation of salts useful as 
intermediates in obtaining the compounds of the invention 
and their pharmaceutically acceptable acid addition salts. 
Examples of bases include alkali metal (e. g., sodium) hydrox 
ides, alkaline earth metal (e.g., magnesium) hydroxides, 
ammonia, and compounds of formula NW4", Wherein W is 
CMalkyl. 

Examples of salts include: acetate, adipate, alginate, aspar 
tate, benzoate, benzenesulfonate, bisulfate, butyrate, citrate, 
camphorate, camphorsulfonate, cyclopentanepropionate, 
digluconate, dodecylsulfate, ethanesulfonate, fumarate, ?u 
coheptanoate, glycerophosphate, hemisulfate, heptanoate, 
hexanoate, hydrochloride, hydrobromide, hydroiodide, 2-hy 
droxyethanesulfonate, lactate, maleate, methanesulfonate, 
2-naphthalenesulfonate, nicotinate, oxalate, palmoate, pecti 
nate, persulfate, phenylproprionate, picrate, pivalate, propi 
onate, succinate, tartrate, thiocyanate, tosylate and unde 
canoate. Other examples of salts include anions of the 
compounds of the present invention compounded With a suit 
able cation such as Na", NH4+, and NW4+ (Wherein W is a 
Cl’4 alkyl group). 

For therapeutic use, salts of the compounds of the present 
invention Will be pharmaceutically acceptable. HoWever, 
salts of acids and bases Which are non-pharmaceutically 
acceptable may also ?nd use, for example, in the preparation 
or puri?cation of a pharmaceutically acceptable compound. 

Esters of the prodrugs or compounds identi?ed by the 
method of this invention include carboxylic acid esters (i.e., 
iO4C(:O)R) obtained by esteri?cation of the 2'-, 3'- and/ 
or 5'-hydroxy groups, in Which R is selected from (1) straight 
or branched chain alkyl (for example, n-propyl, t-butyl, or 
n-butyl), alkoxyalkyl (for example, methoxymethyl), aralkyl 
(for example, benzyl), aryloxyalkyl (for example, phenoxym 
ethyl), aryl (for example, phenyl optionally substituted by, for 
example, halogen, Cl_4alkyl, or Cl_4alkoxy or amino); (2) 
sulfonate esters, such as alkylsulfonyl (for example, meth 
anesulfonyl) or aralkylsulfonyl; (3) amino acid esters (for 
example, L-valyl or L-isoleucyl); (4) phosphonate esters and 
(5) mono-, di- or triphosphate esters. The phosphate esters 
may be further esteri?ed by, for example, a Cl_2O alcohol or 
reactive derivative thereof, or by a 2,3-di-(C6_24)acyl glyc 
erol. In such esters, unless otherWise speci?ed, any alkyl 
moiety present advantageously-contains from 1 to 18 carbon 
atoms, particularly from 1 to 6 carbon atoms, more particu 
larly from 1 to 4 carbon atoms.Any cycloalkyl moiety present 
in such esters advantageously contains from 3 to 6 carbon 
atoms. Any aryl moiety present in such esters advantageously 
comprises a phenyl group. Examples of lyxo-furanosyl pro 
drug derivatives of the present invention include, for example, 
those With chemically protected hydroxyl groups (e.g., With 
O-acetyl groups), such as 2'-O-acetyl-lyxo-furanosyl; 3'-O 
acetyl-lyxo-furanosyl; 5'-O-acetyl-lyxo-furanosyl; 2',3'-di 
O-acetyl-lyxo-furanosyl and 2',3',5'-tri-O-acetyl-lyxo-fura 
nosyl. 

Ethers of the compounds of the present invention include 
methyl, ethyl, propyl, butyl, isobutyl, and sec-butyl ethers. 

In a further embodiment, the substrate may not be chemi 
cally related to pyrimidines or folates, but rather synthesized 
based upon known parameters of rational drug design. See 
Dunn, W. J. et al. (1996). 
As is apparent to one skilled in the art, control cell culture 

systems Without drug and separately With a reference drug 
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such as the one exempli?ed beloW, also are assayed. Com 
pounds Which preferentially kill target cells With about 2-fold 
and preferably 3-fold or greater activity than normal cells are 
preferred. This invention also provides the agents identi?ed 
by the methods described herein. 

Tyrosine Kinases 
The tyrosine kinase superfamily comprises the EGF recep 

tor (EGFR), the macrophage colony-stimulating factor (CSF 
1) receptor (v-fms), and the insulin receptor, Which shoWs 30 
to 40% identity With the product of the ros oncogene. More 
speci?cally, the members of this superfamily include v-src, 
c-src, EGFR, HER2, CSF-l receptor, c-?ns, v-ros, insulin 
receptor, and c-mos. See FIG. 8.5 of Burck, K. B. et al., eds. 
(1988). Overexpression of members of the type 1 receptor 
tyrosine kinase superfamily has been documented in many 
types of cancer (Eccles, S. A. et al. (1994-95)). Overexpres 
sion of tyrosine kinases is linked to exposure to the ot-cancer 
biologic agent TNF-ot (Hudziak, R. M. et al. (1988) and 
Hudziak, R. M. et al. (1990)) and to chemotherapy (Stu 
hlinger et al. (1994)). 
The transforming gene of the Rous sarcoma virus, v-src, 

encodes an enzyme that phosphorylates tyrosine residues on 
proteins. The c-src proto-oncogene is found on chromosome 
20. Tissues and cell lines derived from tumors of neuroecto 
dermal origin having a neural phenotype express high levels 
of c-src accompanied by high speci?c kinase activity. 

Several groups of investigators have reported overexpres 
sion of c-erbB-2/neu (“HER2”) oncogene in cancer cells. 
Brison (1993) noted that erbB proto-oncogene is ampli?ed in 
human tumors With resultant overexpression in most cases. 
Ampli?cation of the c-erbB-2/neu oncogene has been 
reported in human mammary tumors (Slamon, et al. (1987), 
van de Vijver et al. (1987), Pupa et al. (1993), andAndersen et 
al. (1995)) and in bladder tumors (Sauter et al. (1993)), andin 
every case ampli?cation Was accompanied by overexpres 
sion. c-erbB-2/neu overexpression also has been reported in 
ovarian cancer tissue samples (Slamon, et al. (1989), Meden 
et al. (1994), and Felip et al. (1995)), and tumors derived from 
the peripheral nervous system. Sukumar and Barbacid, 
(1 990). 
To perform the drug screening assay, tumor cell lines Will 

be assayed for expression of the oncogene or Will be engi 
neered to express varying levels of tyrosine kinase. Selected 
cell lines are cultured and candidate drugs are added in vary 
ing concentrations. The cells are assayed for cell killing or 
inhibition of cellular proliferation, as described in Hudziak, 
R. M. et al. (1988) and Hudziak, R. M. et al. (1990). 

Dihydrofolate Reductase 
Methotrexate is a potent inhibitor of dihydrofolate reduc 

tase, an enzyme necessary for intracellular folate metabolism. 
Dihydrofolate reductase functions to regenerate tetrahydro 
folate from dihydrofolate, a product of the thymidylate syn 
thase reaction (Voet, et al. eds. (1995), p. 813). It is Well 
established that an important mechanism of resistance of cells 
to methotrexate is an increase in DHFR activity due to ampli 
?cation of the DHFR gene. Baneijee, D. et al. (1995), 
Schimke, R. T. et al. (1988). Lonn, U. et al. (1996) reported 
that ampli?cation of the DHFR gene occurred in breast can 
cer patients Who previously received adjuvant chemotherapy 
(cyclophosphamide, methotrexate, 5-?uorouracil [CMF]) 
after surgery. Lack of the retinoblastoma (Rb) may also lead 
to enhanced MTX resistance as a consequence of an increase 
in DHFR MRNA expression activity Without gene ampli?ca 
tion. Li, W. W. et al. (1995). Cell lines With mutated p53 have 
been shoWn to undergo gene ampli?cation, and the resistant 
cells are selected by chemotherapy. Banedjee, D. et al. 
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(1995),Yin,Y. etal. (1992) and Livingston, L. R. et al. (1992). 
For the purposes of performing the assay of this invention, 
Schimke, R. T. et al. (1988) describes several mouse, hamster 
and human cell lines. Alternatively, the PCR method of Lonn 
U. et al. (1996) is used to assay DHFR gene ampli?cation and 
identify cells that are useful in the method of identifying 
therapeutic agents as described herein. The nucleotide 
sequence of the cDNA coding for the human dihydrofolate 
reductase is provided in Masters, J. N. and Attardi, G. (1983) 
and cells can be engineered to express varying levels of the 
enZyme as noted herein. Dicken, A. P. et al. (1993) describes 
a mutant DHFR gene selected by chemotherapy. Puri?cation 
of DHFR and assays related to enZyme function are described 
in Nakano, T. et al. (1994). Alternatively, cDNA encoding 
DHFR is transfected into NIH 3T3 cells. Candidate drugs are 
added in varying concentrations and cell killing and inhibi 
tion of proliferation are assayed. 

Antimetabolites dependent on dihydrofolate reductase 
activity can be synthesiZed by the attachment of, for example, 
an alkylating group to either the N5 or the C6 position of 
dihydrofolate. Reduction of the N5-C6 bond by DHFR Will 
result in the release of the alkylating agent. In addition to the 
alkylating groups, any moiety Whose release by DHFR results 
in the production of a toxin or an antimetabolite Will be useful 
in the practice of the invention. 

Multidrug Resistant Tumors 
Multidrug resistance (MDR) is a generic term for the vari 

ety of strategies tumor cells use to evade the cytotoxic effects 
of anticancer drugs. MDR is characterized by a decreased 
sensitivity of tumor cells not only to the drug employed for 
chemotherapy but also to a broad spectrum of drugs With 
neither obvious structural homology nor common targets. 
This pleiotropic resistance is one of the major obstacles to the 
successful treatment of tumors. MDR may result from struc 
tural or functional changes at the plasma membrane or Within 
the cytoplasm, cellular compartments, or nucleus. Molecular 
mechanisms of MDR are discussed in terms of modi?cations 
in detoxi?cation and DNA repair pathWays, changes in cel 
lular sites of drug sequestration, decreases in drug-target 
a?inity, synthesis of speci?c drug inhibitors Within cells, 
altered or inappropriate targeting of proteins, and accelerated 
removal or secretion of drugs. 
One of the mechanisms implicated in MDR results from 

ampli?cation and over-expression of a gene knoWn as the 
ATP-dependent multidrug resistant associated protein (MRP) 
in drug selected cell lines. For a revieW of the mechanisms of 
MDR, see Gottesman, M. M. et al. (1995) and Noder et al. 
(1996). 

To establish MDR cell lines, drug selections are conducted 
in either a single step or in multiple steps as described in 
Gottesman, M. M. et al. (1995) and Simon, S. M. and Schin 
dler, M. (1994), and references cited therein. The isolation of 
DNA sequences coding for MDR from various mammalian 
species is described in Gros, P. et al. (1986), Gudkov, A. V. et 
al. (1987), and Roninson, I. B. et al. (1984), and revieWed in 
Gottesman, M. M. et al. (1995), and cells can be engineered to 
express varying levels of this enZyme as described above. The 
prodrug targeting MDR Will be based upon the ATPase activ 
ity of this transporter. 

Ribonucleotide Reductase 
The ribonucleotide reductase reduces ribonucleoside 

diphosphates to the corresponding deoxyribonucleoside 
diphosphates. The enZyme is a tetramer made up of tWo 
ot-subunits and tWo [?-subunits. Hydroxyurea speci?cally 
blocks this reaction by interacting With the tyro syl free radical 
(Tyr-122) ofthe [32-substrate complex. Voet et al. (1995). The 
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goal in targeting this reaction is to alloW the accumulation of 
the free radical product 0;, Which is highly cytotoxic. 

Application of Technology to Other Diseases 
While the primary focus of this application is directed to 

cancer, it should be recogniZed that the technology is broadly 
applicable to other diseases, especially antibiotic resistant 
bacterial infections. The [3-lactam antibiotics encounter resis 
tance in bacteria as the result of overexpression of P-lacta 
mases. Hamilton-Miller, J. M. T. and Smith, J. T. eds. (1979) 
p. 443. Other enzymes, such as the aminoglycoside phospho 
transferese Type III, are induced and selected for folloWing 
treatment With aminoglycoside antibiotics, such as kanamy 
cin. McKay, G. A. et al. (1994). For the purpose of this 
application, prodrug substrates derived from knoWn sub 
strates Will be prepared that Will not block enZyme activity, 
but Will instead take advantage of the high enZyme activity to 
generate intracellular toxins in the infectious agents. 

In vivo Administration 
The in vitro assays are con?rmed in animal models bearing 

human tumors or infected With an antibiotic resistant micro 
organism to determine in vivo ef?cacy. 

Another aspect of this invention is a method for treating a 
pathology characteriZed by hyperproliferative cells in a sub 
ject comprising administering to the subject a therapeutic 
amount of a prodrug that is converted to a toxin in a hyper 
proliferative cell by an endogenous intracellular enZyme as 
de?ned herein. 
When the prodrug is administered to a subject such as a 

mouse, a rat or a human patient, the agent can be added to a 
pharmaceutically acceptable carrier and systemically or topi 
cally administered to the subject. To determine patients that 
can be bene?cially treated, a tumor sample is removed from 
the patient and the cells are assayed for the level of expression 
of the enZyme of interest. If the expression is above that 
expressed in normal cells and an amount of the prodrug 
effective to kill or inhibit the cell can be administered Without 
undesirable side effects, then the prodrug is a preferred 
embodiment. Therapeutic amounts can be empirically deter 
mined and Will vary With the pathology being treated, the 
subject being treated and the toxicity of the converted prodrug 
or cellular toxin. When delivered to an animal, the method is 
useful to further con?rm e?icacy of the prodrug. As an 
example of an animal model, groups of nude mice (Balb/c 
NCR nu/nu female, Simonsen, Gilroy, Calif.) are each sub 
cutaneously inoculated With about 105 to about 109 hyperpro 
liferative, cancer or target cells as de?ned herein. When the 
tumor is established, the prodrug is administered, for 
example, by subcutaneous injection around the tumor. Tumor 
measurements to determine reduction of tumor siZe are made 
in tWo dimensions using venier calipers tWice a Week. Other 
animal models may also be employed as appropriate. Love 
joy, et al. (1997) and Clarke, R. (1996). 

Administration in vivo can be effected in one dose, con 
tinuously or intermittently throughout the course of treat 
ment. Methods of determining the most effective means and 
dosage of administration are Well knoWn to those of skill in 
the art and Will vary With the composition used for therapy, 
the purpose of the therapy, the target cell being treated, and 
the subject being treated. Single or multiple administrations 
can be carried out With the dose level and pattern being 
selected by the treating physician. Suitable dosage formula 
tions and methods of administering the agents can be found 
beloW. 
The agents and compositions of the present invention can 

be used in the manufacture of medicaments and for the treat 
ment of humans and other animals by administration in accor 












